Glucagon-like peptide 1 (GLP-1) augments glucose-stimulated insulin secretion (GSIS) through cAMP-induced activation of protein kinase A (PKA), and stimulates b-cell proliferation and reduces b-cell apoptosis in rodent islets. This study explored islet GSIS, PKA expression, and markers of apoptosis (caspase 3/7 activity) and proliferation (PKBa and pancreatic and duodenal homeobox gene 1, Pdx-1) after 2 weeks of treatment with the GLP-1 receptor agonist exendin-4 (2 nmol/kg once daily) in female mice with high-fat diet-induced insulin resistance (HFD; 58% fat by energy). Islets were isolated 20 h after the last exendin-4 injection, when effects of circulating exendin-4 had vanished. The glucose responsiveness in islets from HFD-fed mice at 8 . 3 mM glucose was reduced compared with islets from control mice fed a normal diet due to increased basal insulin secretion. However, GSIS increased in islets from HFD-fed exendin-4-treated animals (0 . 124G0 . 012 ng/h per islet in HFD-Ex-4 versus 0 . 062G0 . 010 in HFD, PZ0 . 006). Furthermore, the insulin response to forskolin was increased (2 . 7G0 . 3 in HFD-Ex-4 versus 2 . 0G0 . 2 ng/h per islet in HFD, PZ0 . 011) and PKAcat expression was increased, while PKAreg was reduced in islets from exendin-4-treated mice. In contrast, protein expression of PKBa, Pdx-1, and caspase 3/7 activity was not affected by exendin-4 treatment. We conclude that GLP-1 receptor activation in HFD-fed mice has durable effects on GSIS, in association with augmented signaling through the PKA pathway. These effects are seen beyond those induced by circulating exendin-4 already after 2 weeks of once-daily treatment in mice, whereas markers for islet proliferation and apoptosis were unaffected by this treatment.
Introduction
Glucagon-like peptide (GLP-1) receptor activation, which is a novel treatment for type 2 diabetes (Deacon & Holst 2006 , Drucker & Nauck 2006 , Ahrén 2007 ), has as a major effect to stimulate insulin secretion (Ahrén 1998) . Rodent studies have suggested that GLP-1 receptor activation inhibits islet apoptosis and stimulates b-cell proliferation (Xu et al. 1999 , Perfetti et al. 2000 , Stoffers et al. 2000 , Wang & Brubaker 2002 , Egan et al. 2003 , Li et al. 2003 . GLP-1 receptor activation in islets involves stimulation of adenylate cyclase activity leading to increased formation of cAMP and activation of protein kinase A (PKA; Gromada et al. 1998 ). This in turn results in altered ion channel activity and intracellular Ca 2C handling, eliciting exocytosis of insulin granules, resulting in insulin secretion (Gromada et al. 1998 , Holz 2004b ). The longterm effect of GLP-1 receptor activation in inhibition of apoptosis also seems to be connected to the cAMP/PKA signaling pathway, through its involvement in activation of pancreatic and duodenal homeobox gene 1 (Pdx-1), which stimulates insulin gene transcription and activates proliferative pathways in the b-cell (Perfetti et al. 2000 , Stoffers et al. 2000 , Wang et al. 2001 , Drucker 2003 , Li et al. 2005b . Protein kinase Ba (PKBa) regulates proliferative pathways in b-cells (Wrede et al. 2002 , Dickson & Rhodes 2004 , Li et al. 2005a ) after activation of the PKA pathway and phosphorylation of the cAMP response element-binding protein (CREB), resulting in activation of insulin receptor substrate 2 (IRS-2) and phosphatidylinositol 3-kinase (PI-3K; Jhala et al. 2003 , Park et al. 2006 . GLP-1 receptor activation has been shown to reduce cytokine-induced apoptosis through inhibition of caspase 3 activity (Li et al. 2005a) , and this effect of GLP-1, which is mediated through PKBa, contributes to maintain b-cell mass. PKA is thus a key enzyme in islet GLP-1 signaling.
The islet effects and mechanisms of GLP-1 receptor activation have mainly been established in clonal cells and isolated islets or in vivo in animal experiments (Greig et al. 1999 , Perfetti et al. 2000 , Stoffers et al. 2000 , Wang & Brubaker 2002 , Wrede et al. 2002 , Egan et al. 2003 . These studies have been designed to examine the effects of GLP-1 receptor activation when the ligand is present, either acutely or during a long-term treatment period. However, whether the islet effects are also evident after long-term treatment when the GLP-1 receptor ligand is no longer present is not known, that is, it is not known whether durable and persistent islet effects are induced by GLP-1 receptor activation. In this study, we therefore examined the long-term effects of GLP-1 receptor activation in mice, when the ligand had been cleared from the circulation. We studied islets from insulinresistant mice following a 2-week treatment period with exendin-4, which is a selective GLP-1 receptor agonist (Montrose-Rafizadeh et al. 1997) . Insulin resistance was induced by feeding female mice with a high-fat diet (HFD), which is a model that has been extensively examined as a tool for studying islet function . High-fat feeding in female mice results in insulin resistance, as demonstrated by euglycemic hyperinsulinemic clamp techniques (Pacini et al. 2001) . High-fat feeding also compromises islet function, leading to reduced glucose-stimulated insulin secretion (GSIS), resulting in glucose intolerance (Pacini et al. 2001 , Ahrén & Pacini 2002 . Recently, we demonstrated that activation of GLP-1 receptors through exendin-4 administration to insulin-resistant HFD-fed female mice increased GSIS and elevated the islet sensitivity to cAMP, observed after addition of forskolin to isolated islets (Sörhede Winzell & Ahrén 2004) . In this study, we explored the durable islet effects after long-term exendin-4 administration to female mice fed a HFD beyond the acute effect of the peptide. To ensure, no remaining circulating biologically active exendin-4, islets were isolated 20 h after the last injection. This time point is beyond the rapid half-life of exendin-4 in rodents, which is 2 h in rats (Parkes et al. 2001) , and also at a time point beyond the glucose-lowering effect of acute exendin-4 treatment (Sörhede , Gedulin et al. 2005 ).
Materials and Methods

Animals and study design
Five-week old female C57BL/6J mice weighing w20 g were purchased from Taconic (Skensved, Denmark). The animals were maintained in a temperature-controlled room (22 8C) on a 12 h light:12 h darkness cycle (lights on at 0600 h). One week after arrival, the mice were divided into two groups and fed either a normal diet (ND, 11% fat by energy) or a HFD (58% fat by energy; Research Diets Inc., New Brunswick, NJ, USA) and kept on the different diets for 8 weeks prior to the exendin-4 treatment. The mice given the HFD were then divided into two groups; one group was injected intraperitoneally once daily (at 1500 h) with exendin-4 (Sigma) in 250 ml saline supplemented with 0 . 1% BSA (MP, Biomedicals Inc., Illkirch, France), while the control group received vehicle only. The mice continued on the HFD during the exendin-4 treatment. The dose of exendin-4 was 2 nmol/kg daily, a dose that has previously been shown to effectively reduce plasma glucose levels in mice (Wang & Brubaker 2002 , Sörhede Winzell & Ahrén 2004 . The glucose-lowering effect is short-lived, due to a relatively short half-life of exendin-4 in rodents, being w120 min in rats after i.p. injection (Parkes et al. 2001) . Thus, i.p. administration of exendin-4 in HFD-fed mice reduced plasma glucose, through an effect that lasted for !2 h (Sörhede . Islets were therefore isolated 20 h after the last dose of exendin-4, to make sure that the acute effects of the peptide had vanished. Body weight was recorded and basal blood samples were taken before the start of the exendin-4 administration and just before islet isolation from the intraorbital, retrobulbar plexus in non-fasted, anesthetized (20 mg/kg fluanisone/0 . 8 mg per kg fentanyl; Hypnorm, Janssen, Beerse, Belgium and 10 mg/kg midazolam; Dormicum, Hoffman-LaRoche, Basel, Switzerland) mice. In one series of experiments, the acute effects of i.p. injection with exendin-4 on insulin and glucose levels were examined. Mice, fed the HFD for 8 weeks, were injected intraperitoneally with 2 nmol/kg exendin-4 or with saline (at 1500 h) and returned to their cages. Blood samples were taken just before and 1, 2, and 4 h after the injections with exendin-4 or saline. The mice were anesthetized just prior to the blood sampling and different mice were used at the different time points. All samples were collected in heparinized tubes and plasma was immediately separated and stored at K20 8C until analyzed for glucose and insulin. The study was approved by the local Animal Ethics Committee in Lund/Malmö, Sweden.
Islet isolation and insulin secretion
Islets were isolated after collagenase digestion of pancreata. For insulin secretion studies, batches of islets were pre-incubated in HEPES balanced salt solution (HBSS) containing 125 mM NaCl, 5 . 9 mM KCl, 1 . 28 mM CaCl 2 , 1 . 2 mM MgCl 2 , and 25 mM HEPES (pH 7 . 4) with 5 . 6 mM glucose for 60 min. Thereafter, islets in groups of three were incubated in 200 ml HBSS with glucose concentrations of 2 . 8 and 16 . 7 mM, with or without 2 . 5 mM forskolin (Sigma) and incubated for 60 min at 37 8C. After incubation, aliquots of 25 ml in duplicates were collected and stored at K20 8C until insulin analysis.
Perifusion of isolated islets
Perifusion of islets was performed as previously described in detail (Skoglund et al. 1988) . In brief, freshly isolated islets were pre-incubated in HBSS at 2 . 8 mM glucose for 60 min. Then, batches of 20 islets were sandwiched between two layers of gel (Bio-Gel P4, Bio-Rad). The HBSS was kept at 37 8C. Islets were perifused at a flow rate of 1 ml/min with 16 . 7 mM glucose for 30 min. Fractions were collected at 1-min interval and analyzed for insulin.
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Western blotting
The protein expression levels of PKA, Pdx-1, and PKBa in islets were analyzed using western blot. For these studies, islets were kept on ice and washed thrice in Hank's buffer (Sigma). The samples were homogenized in lysis buffer containing 150 mM NaCl, 2 mM EDTA, 20 mM Tris-HCl (pH 7 . 5), 1% Triton X-100 and 0 . 2% protease inhibitor cocktail (Sigma), and 1 mM ocadeic acid (Alexis Co., Lausen, Switzerland). The total amount of proteins in each sample was measured using BCA protein assay reagent kit (Pierce, Rockford, IL, USA). Aliquots of islet homogenates corresponding to equal amount of total protein (80 mg) were separated by SDS-PAGE, and then electroblotted onto nitrocellulose membranes (Hybond-c extra, Amersham Pharmacia Biotech). The membranes were probed with primary antibodies against the regulatory as well as the catalytic subunits of PKA (PKA1breg and PKA1acat, Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-Pdx-1 (a kind gift from Prof. P Serup, Hagedorn Inst., Copenhagen, Denmark), sheep anti-PKBa (Upstate, Charlottsville, VA, USA), or rabbit anti-phospho-PKBa (Biosource, Nivelles, Belgium). The secondary antibody was either horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) (Amersham Pharmacia Biotech) or rabbit antisheep IgG (Upstate). The blots were developed by enhanced chemiluminescense (SuperSignal, Pierce), and the proteins were detected and quantified using a CCD camera (LAS 1000, Fuji, Tokyo, Japan).
Insulin and glucose measurements
Insulin was determined radioimmunochemically using a guinea pig anti-rat insulin antibody, 125 I-labeled human insulin as tracer and rat insulin as standard (Linco Res., St Charles, MO, USA). Free and bound radioactivity was separated using an anti-IgG (goat antiguinea pig) antibody. Glucose was measured with the glucose oxidase method using 2 . 2 0 -azino-bis (3-ethylbenzothialozine-6-sulfonate) (ABTS) as substrate and the absorbance was measured at 420 nm on a microtiter plate reader (Fluostar/Polarstar Galaxy, BMG Labtechnologies, Offenburg, Germany).
Caspase 3/7 activity
Caspase 3/7 activity was measured using a commercial Caspase 3/7 Glo Assay kit (Promega Corp.). Briefly, islets were lysed in lysis buffer (as described above) and centrifuged at 10 000 g for 1 min. The supernatant was collected and analyzed for protein content and for caspase 3/7 activity. Substrate (Z-DEVD-R110) for caspase 3/7 was added and luminescence was measured using a microtiter plate reader (Victor 2, Wallac, PerkinElmer, Turku, Finland).
Statistical analysis
All data are presented as meanGS.E.M. The area under the curve (AUC) was determined by the trapezoid rule for the insulin curves in the perifusion experiments. Statistical differences were calculated either using Student's t-test or for multiple comparisons one-way ANOVA followed by Tukey's post hoc test. Differences were considered statistically different at P!0 . 05.
Results
Body weight and basal glucose and insulin levels After 8 weeks of HFD, mice had gained significantly in body weight compared with ND-fed mice (27 . 2G0 . 7 vs 22 . 7G0 . 3 g in ND, P!0 . 001). During the subsequent 2 weeks, high-fat feeding continued and the mice were treated with either saline or exendin-4. Following this 2-week treatment period, body weight was 27 . 0G0 . 6 g in saline-treated mice versus 25 . 9G0 . 8 g in exendin-4-treated mice (PZ0 . 051 over the 2-week treatment period). Basal glucose was increased in mice fed the HFD for 8 weeks (7 . 6G0 . 3 in ND-fed mice versus 8 . 7G0 . 3 mM in HFD-fed mice, PZ0 . 007, nZ36 in each group), while basal insulin levels were similar in the two dietary groups (ND: 223G43 versus HFD: 310G68 pM, nZ16 and 17 respectively). After the 2-week treatment period with exendin-4 or saline, basal glucose and insulin levels were not altered in the ND and HFD control groups (injected with saline). However, in the HFD-fed mice, 2 weeks of exendin-4 treatment and 20 h after the last exendin-4 administration, reduced basal insulin levels were evident, while plasma glucose was not different from HFD-fed control mice (Table 1) . Table 1 Plasma glucose and insulin, islet insulin content, and caspase 3/7 activity after 2 weeks of exendin-4 administration to high-fat diet (HFD)-fed female C57BL/6J mice. Blood samples were taken and islets were isolated 20 h after the last exendin-4 injection Acute effects of exendin-4
Plasma glucose levels were significantly reduced after 1 h in mice injected with exendin-4 compared with HFD-fed control mice (6 . 6G0 . 3 vs 8 . 3G0 . 2 mM in control mice, P!0 . 001, nZ10 in each group), while after 2 and 4 h, there were no differences between the treatment groups. Plasma insulin was similar at all time points in exendin-4-treated mice compared with control mice.
In vitro insulin secretion
Insulin secretion was measured after 1-h static incubation of the islets. Basal insulin secretion at 2 . 8 mM glucose was similar in the different groups, although it was slightly increased in islets isolated from HFD-fed mice compared with ND, which was not apparent in islets from exendin-4-treated mice ( Fig. 1) Insulin secretion was also studied in islet perifusion experiments. In these experiments, islets from exendin-4-treated mice or HFD-fed control mice were initially perifused with 2 . 8 mM glucose. Raising the concentration from 2 . 8 to 16 . 7 mM elicited a biphasic insulin response. The response to glucose was significantly increased after exendin-4 treatment compared with control islets from HFD-fed mice (Fig. 2A) . The area under the insulin curve (AUC ins ) was calculated for the first (10-13 min) and the second (14-30 min) phases of secretion. There was a tendency to increased first-phase insulin secretion and a significant increase in the second phase of insulin secretion in islets from exendin-4-treated mice compared with islets from HFD-fed control mice (PZ0 . 02; Fig. 2B ). Insulin content was elevated in islets from mice fed the HFD, but with no difference between the control and the exendin-4 group (Table 1) . Thus, the increased insulin secretion in exendin-4-treated islets was not due to increased insulin content.
PKAcat and PKAreg expression after exendin-4 administration
The expression of the catalytic subunit of PKA (PKAcat) was, after correction to the actin expression, increased in the two HFD-fed groups (PZ0 . 020; Fig. 3A ), but without significant difference between islets from control and exendin-4-treated mice. On the contrary, the regulatory subunit of PKA (PKAreg) expression level was reduced in islets from exendin-4-treated mice compared both with HFD control islets (PZ0 . 05) and with ND control islets (PZ0 . 001). The expression of PKAreg was also significantly reduced in islets from HFD-fed mice compared with ND (PZ0 . 016). Therefore, a significantly elevated PKAcat/PKAreg ratio was evident in islets from exendin-4-treated mice (PZ0 . 049; Fig. 3A) .
Markers for islet apoptosis and proliferation
Caspase 3/7 activity was used as a measure of islet apoptosis. Following 10 weeks of high-fat feeding, no Islets effects of exendin-4 administration . M S WINZELL and B AHRÉ N 97 change in caspase 3/7 activity was observed compared with islets from ND-fed mice (Table 1) . Treatment with exendin-4 for 2 weeks did not affect the islet caspase 3/7 activity (Table 1) , which was similar to islets from both ND-and HFD-fed mice.
As a marker of islet proliferation, we measured the expression levels of Pdx-1 and PKBa expression and phosphorylation in islets from the different treatment groups. Islets were incubated with insulin to induce PKBa phosphorylation, and by the use of PKBa phospho-specific antibodies, we demonstrated that the PKBa-P/PKBa tot ratio was similar in all the three treatment groups (Fig. 3B) . HFD increased the expression of Pdx-1 in islets compared with ND suggesting increased proliferation in these islets (Fig. 3C) . There was no difference in the expression levels of the proliferative markers Pdx-1 or PKBa in islets from exendin-4-treated HFD-fed mice.
Discussion
GLP-1 receptor activation potentiates GSIS through cAMP formation with subsequent activation of PKA, resulting in multiple effects within the pancreatic islets including exocytosis, ion-transport, metabolism, and proliferation (Gromada et al. 1998 , Holz 2004a , Drucker 2006 , Doyle & Egan 2007 ). Long-term activation of GLP-1 receptors has been extensively examined in cultured cells and islets and also in in vivo studies in rodents where GLP-1 receptors were activated with daily injections or through continuous administration of exendin-4 or GLP-1 (Greig et al. 1999 , Perfetti et al. 2000 , Stoffers et al. 2000 , Wang & Brubaker 2002 , Egan et al. 2003 , Park et al. 2006 . However, whether the GLP-1-induced in vivo effects remain after the GLP-1 receptor agonist is cleared from the circulation is not established. Therefore, the present study explored whether islet effects (insulin secretion and proliferation/apoptosis) are sustained after long-term in vivo GLP-1 receptor activation in HFD-fed mice when exendin-4 had been cleared from the circulation. The experiments were performed in islets isolated 20 h after the last exendin-4 injection. The effect of exendin-4 is short-lived in rodents, due to a relatively short half-life of the peptide, being w120 min in rats after i.p. administration (Parkes et al. 2001) . We have also recently demonstrated that the glucose-lowering effect of exendin-4 in mice was significant only during the first hour after injection (Sörhede Winzell & Ahrén 2004) , which was confirmed in this study. The increased insulin secretion was evident by the sustained insulin levels in the presence of reduced glycemia. Therefore, 20 h after the last exendin-4 administration, that is, the time when islets were isolated in this study, blood glucose was similar to HFD control mice, while, however, insulin levels were reduced compared with HFD-fed control mice. This indicates that insulin sensitivity was improved after exendin-4 treatment. Increased insulin sensitivity may be due to improved insulin action, caused either by an indirect or direct effect, or alternatively through reduced glucagon levels, which has been observed after exendin-4 treatment in humans (Kolterman et al. 2003) . The finding of increased insulin sensitivity is in agreement with a previous study in obese Zucker rats, where exendin-4 had been washed out for 24 h prior to blood sampling, and where there was no observed effect on plasma glucose but reduced insulin levels (Gedulin et al. 2005) . Another study demonstrated that long-term activation of GLP-1 receptors in diabetic rodents resulted in improved insulin sensitivity (Young et al. 1999) . Therefore, the effect of exendin-4 on insulin sensitivity needs to be explored further, but was beyond the scope of the present study.
In this study, we show that islets from HFD-fed mice displayed impaired glucose sensitivity of the islets, which was mainly due to increased basal insulin secretion, while the response to elevated cAMP levels by forskolin stimulation was augmented. This is in agreement with earlier studies demonstrating that the response to non-glucose stimulus, including GLP-1, is augmented in islets from HFD-fed mice (Simonsson & Ahrén 1998 , Sörhede Winzell & Ahrén 2004 . After administration of exendin-4, both the response to glucose and elevated cAMP levels were significantly increased, suggesting a persistent effect of GLP-1 receptor activation in the islets. The improved response to cAMP in islets from HFD-fed mice was associated with increased expression of PKAcat and particularly in increased PKAcat/PKAreg ratio. PKA consists of two catalytic subunits bound to a regulatory subunit dimer and upon binding cAMP the complex dissociates into two active catalytic subunits and a regulatory subunit (Skalhegg & Tasken 2000) . Since PKAcat is assembled in a fully phosphorylated and active enzyme, which is regulated by its association with the regulatory subunit making the active enzyme released upon binding to cAMP (Taylor et al. 2005) , it is most likely that the elevated PKAcat/PKAreg ratio increased basal PKA activity. The results with elevated expression of PKAcat after HFD and GLP-1-based treatment corroborate with our finding that the insulin response to forskolin was increased in parallel. Thus, in HFD-fed mice, compared with ND-fed mice, the insulin response to forskolin was increased and exendin-4 further augmented this increase. Hence, the elevated expression of PKA is transferred to an increased insulin response to cAMP; therefore, improved sensitivity to cAMP seems to be one mechanism for islet adaptation to insulin resistance and this is further improved by GLP-1 receptor activation. The more exact mechanism behind the improved cAMP sensitivity deserves to be further explored.
Exendin-4 treatment also improved the islet sensitivity to glucose as illustrated both in static batch incubations of islets and in perifusion experiments, and that the second phase of insulin secretion was increased after the exendin-4 treatment. Insulin secretion is triggered by glucose metabolism to induce increased influx of Ca 2C to elicit insulin exocytosis (Henquin 2000) . The second phase of insulin secretion is dependent on other signals to amplify and maintain insulin secretion during high glucose concentrations and activation of PKA by cAMP is one such important signal (Henquin et al. 2003) .
GLP-1 regulates proliferation and apoptosis through several pathways including PKA, PKBa, and Pdx-1 (Drucker 2003 , Egan et al. 2003 , Li et al. 2005a . The HFD in itself induced Pdx-1 expression when compared with ND-fed mice, suggesting that one adaptation process to insulin resistance is increased islet proliferation, which may form the basis of the increased b-cell mass in insulin resistance demonstrated in animal models (Del Zotto et al. 2004) . We found, however, no significant additive effect on Pdx-1 expression 20 h after the last exendin-4 treatment in the 2-week treatment regimen. This is different from the previously demonstrated increase in Pdx-1 expression by exendin-4 in normal and diabetic mice (db/db; Stoffers et al. 2000) . In this study, once-daily exendin-4 treatment resulted in significantly increase Pdx-1 expression in association with reduced plasma glucose levels in db/db mice, however, there was no effect observed on hemoglobulin A1C (HbA 1C ) levels, indicating that the glucose-lowering effect was dependent on circulating exendin-4. It is therefore possible that the increased expression of Pdx-1 is also dependent on circulating exendin-4.
PKBa has also been demonstrated to play a crucial role in b-cell survival and in clonal b-cells. For example, overexpression of PKBa could prevent the b-cells from fatty acid-induced apoptosis (Wrede et al. 2002) , and in mouse islets overexpression of PKBa resulted in increased proliferation (Tuttle et al. 2001) . In this study, we observe no effect on the expression level or the phosphorylation degree of PKBa in islets from exendin-4-treated HFD-fed mice, 20 h after the last exendin-4 administration, which shows that effects on GSIS and proliferation/apoptosis after GLP-1 receptor activation are dissociated processes. Earlier studies have demonstrated that in mice with streptozotocin-induced islet apoptosis, exendin-4 treatment reduced caspase activity (Li et al. 2003) . However, since HFD for 10 weeks in itself did not induce caspase 3/7 activity, there was no effect on this apoptosis marker after exendin-4 treatment. The lack of effect on proliferation and apoptosis markers by exendin-4 in this study may have several explanations. One explanation is that the treatment period was relatively short, that is, only 2 weeks, and a longer period would be required for establishing a robust effect. An alternative explanation would be that a low single daily dose of exendin-4 would be insufficient to affect proliferation or apoptosis, although effects on insulin secretion are seen. A third possibility would be that exendin-4 lacks effect on proliferation or apoptosis in this model of HFD feeding. Therefore, longer treatment period with a higher dose of exendin-4 would be required to rule out an effect of exendin-4 on these parameters also in this model, as been observed in other studies (Greig et al. 1999 , Gedulin et al. 2005 . It should also be emphasized that mice eat normally during the dark phase of the 24-h period, starting at 1800 h, and exendin-4 in this study was given to mice in the post-absorptive phase when plasma glucose is at the basal level. A final possibility explaining the lack of effect of exendin-4 on proliferation and apoptosis in this model would therefore be that exendin-4 was not given during the absorptive phase.
In summary, we conclude that 2-week GLP-1 receptor activation, beyond any direct effect of the ligand, augments the islet adaptation to HFD-induced insulin resistance in regard to insulin secretion, through a PKAdependent mechanism, and this is seen independently from any effect on proliferation or apoptosis.
